It is becoming increasingly clear that chromatin modification plays a fundamental part in transcriptional control. Recent studies provide new insights into how transcriptional repressors, in addition to blocking activators, may recruit repression complexes that include chromatin modification factors.
Ever since the early days of molecular biology, it has been known that one important way in which gene expression is controlled is by specific transcriptional repression. In the more recent past, there has perhaps been greater focus on transcriptional activation, but mechanisms of repression are currently under intense investigation. In eukaryotes, there are two general ways in which transcription can be repressed: by the modification of chromatin, or by the modulation of transcriptional activators. One global way of repressing gene activity is by binding of histone H1 to the linker region of the nucleosomes, which leads to the compaction of chromatin and consequent inaccessibility of the DNA to transcriptional activators. The core histones that constitute the nucleosomes can also undergo reversible modifications, such as acetylation. Histone acetylation is widely accepted to contribute to gene activation, and histone deacetylation is thought to be an active mechanism that leads to gene repression [1] [2] [3] .
Although the modification of histones by acetylation is a way of modulating the activity of relatively large chromatin domains, it can also be a way of activating and repressing the activity of specific target genes. To modulate specific target genes, the enzymes which mediate the modification, histone acetylases and deacetylases, are required to be brought to the site of activity. Recent studies provide evidence that, in a similar manner to the transcriptional activator complexes that include histone acetylases, transcriptional repressors may recruit histone deacetylases to form transcriptional repression complexes.
DNA methylation and transcriptional repression
The pattern of methylation of the CpG dinucleotides in the genome of adult mammals is set during embryogenesis [4] . Such modification is related to the silencing of specific genes during development. Tissue-specific genes undergo demethylation only in tissues in which they are expressed. DNA methylation can inhibit the interaction of a sequence-specific DNA-binding protein with its cognate sequence, leading to inactivation of a gene dependent on that DNA-binding protein for its transcription.
DNA methylation per se may be not sufficient for repression, however. Indeed, Kass et al. [5] found that methylation induces a change in conformation of chromatin to an inactive state. They showed that, after injection into Xenopus oocyte nuclei, both methylated and unmethylated DNA templates were initially equally active. After longer incubation, the methylated DNA was converted to an inactive form, characterized by loss of DNase I hypersensitivity and of engaged RNA polymerase. Furthermore, an artificial transcriptional activator Gal4-VP16, consisting of the DNA-binding domain of Gal4 fused to the potent activating region of VP16, cannot counteract the inhibiting effect of chromatin once it has assumed the inactive state induced by DNA methylation.
These results suggest that DNA methylation represses template DNA at least in part by promoting formation of an inactive chromatin structure, raising the question of how this change in chromatin structure is achieved. An answer to this question comes from recent studies on two proteins, MeCP1 and MeCP2, that bind specifically to methylated DNA [6, 7] . MeCP2 is required during embryonic development in the mouse, as MeCP2 mutant embryos fail to gastrulate [8] . MeCP2 is a chromosome-associated protein, which immunofluorescence staining has shown to be concentrated in heterochromatin containing methyl-CpG-rich satellite DNA [7] . This suggests that MeCP2 may contribute to the initiation or maintenance of a repressive state.
Nan et al. [7] further showed that MeCP2 can repress transcription at a distance. They used chimeric reporter constructs, carried on a circular plasmid that was methylated at different sites. The effect of MeCP2 was then tested in an in vitro transcription assay. Plasmids methylated to a similar extent, either near the transcription start site or elsewhere, showed comparable repression. Nan et al. [7] also demonstrated by sucrose density centrifugation that MeCP2, when added to medium containing minichromosomes of various sizes, bound to methylated, preassembled nucleosomes. The results suggest that MeCP2 can act at a distance and on chromatin. It is therefore possible that MeCP2 interacts with other chromatin-modification proteins.
Two recent studies [9, 10] provide further support for the emerging view that transcriptional repression can be mediated by association of a specific repressor protein with chromatin-remodeling proteins. The results show that MeCP2 is able to recruit mammalian Sin3 (mSin3) and histone deacetylases to chromatin containing methylated DNA to which it is bound. Yeast Sin3 had earlier been shown to associate with DNA-binding repressor proteins and recruit the histone deacetylase RPD3 [3] ; RPD3 then removes the acetyl group from the Lys5 residue of histone H4. Nan et al. [9] found that MeCP2 coimmunoprecipitated with mSin3 from a rat brain nuclear extract, and that the immunoprecipitates contained histone-deacetylase activity that could be blocked by the specific inhibitor trichostatin A. Furthermore, mSin3 and two histone deacetylases, HDAC1 and HDAC2, were found to interact in vitro with the co-repressor-binding region of MeCP2.
Jones et al. [10] found that MeCP2 and Sin3 copurify and can be coimmunoprecipitated from Xenopus oocyte extracts, and that MeCP2 cofractionated with histone deacetylase activity on a heparin column. Similarly, antibodies against either MeCP2 or Sin3 were found to immunoprecipitate trichostatin-A-sensitive histone-deacetylase activity. In vivo transcription from a reporter plasmid containing Gal4 DNA-binding sites was inhibited by a fusion protein consisting of Gal4 and the repression domain of MeCP2, and the inference that this involved histone deacetylases was supported by the observation that the inhibition could be reversed by trichostatin A [9, 10] . These observations suggest that DNA methylation triggers a sequence of events leading to an alteration of chromatin structure and consequent repression of transcription (Figure 1a ).
Repressor and co-repressor complexes
Interesting insights into the mechanism of action of repressor-co-repressor complexes have come from work on the yeast repressor complex Ssn6-Tup1 [11] . Ssn6-Tup1 is required in yeast for the repression of cell-type-specific genes by the mating-type gene product α2, as well as for the repression of haploid-specific, heme-responsive and glucose-responsive genes [11] . The interaction of Ssn6-Tup1 with DNA-binding proteins, such as α2, brings them to their target sites, resulting in transcription repression [12] . Tup1 can repress transcription when bound to DNA alone, but Ssn6 requires Tup1 to have such an effect.
Tup1 has a repression domain, which interacts specifically with the amino termini of histones H3 and H4 [13] . This interaction can be inhibited by hyperacetylation of the histones. Moreover, amino-terminal mutations in H3 and H4 that abolish their ability to interact with Tup1 also abolish Tup1's ability to repress transcription. The recruitment of the Tup1-Ssn6 complex by other DNAbinding proteins should facilitate its interaction with H3 and H4, leading to chromatin silencing at specific genomic locations. A similar process is responsible for gene silencing at telomeres, where Sir3 and Sir4 are brought to specific sites by interaction with other DNA-binding proteins [14] ; Sir3 and Sir4 then interact with H3 and H4 to mediate formation of a silenced chromatin domain.
There is increasing evidence that the Drosophila protein Groucho, which is homologous to Tup1, may also act as a global co-repressor [15] . Groucho has been shown to interact with a number of transcriptional repressors, including Hairy, Dorsal, Runt, Engrailed, Deadpan and Enhancer of split [15] [16] [17] [18] . Groucho is targeted to specific sites by proteins such as Hairy, which has a basic-helix-loop-helix DNA-binding domain and represses the pair-rule segmentation gene fushi tarazu during embryogenesis. In a similar manner to Tup1, targeting of Groucho to the DNA allows R684 Current Biology, Vol 8 No 19
Figure 1
Local chromatin modification by repressor complexes. (a) Methylated DNA is recognized by the specific factor MeCP2. The silencing domain of MeCP2 interacts with a complex of Sin3 and histone deacetylase (HDAC), leading to deacetylation of nearby histone tails. Before deacetylation, the histone tail helps to maintain an active chromatin structure (left); after deacetylation, the nucleosomes become more compact, resulting in transcriptional silencing. (b) The sequence-specific DNA-binding repressor Hairy interacts with target sequences and recruits co-repressors, including Groucho and CtBP. Groucho can bind directly to histones to mediate chromatin silencing. It is possible that CtBP and Groucho can also recruit a histone deacetylase complex which modifies nearby chromatin and causes transcriptional silencing. For simplicity, MeCP2 and Hairy are shown bound to naked DNA, but in vivo the protein complexes would interact with nucleosomal templates. its interaction with the silencing domain of histone H3 [16] . Whether the Hairy-Groucho complex brings in histone deacetylases is currently not known. Hairy does not depend solely on Groucho for its ability to repress transcription, however, as it can still act as a repressor under certain circumstances even in the absence of the carboxy-terminal WRPW motif required for the interaction with Groucho [17] .
A yeast two-hybrid screen for other Hairy-interacting proteins identified a Drosophila carboxy-terminal binding protein (dCtBP), which binds specifically to the conserved P-DLS-K sequence that neighbors Hairy's WRPW motif [18] . The P-DLS-K sequence was first identified in adenoviral protein E1A as a motif essential for the interaction with mammalian CtBP [19] . Nibu et al. [20] showed that dCtBP also interacts with Knirps and Snail, zinc-finger proteins that, like Hairy, act as DNA-binding repressors. Studies of pair-rule gene expression in mutant Drosophila embryos have shown that repression by Knirps helps generate the striped expression patterns that play an important part in dividing up the embryo into segments. Genetic interactions support the view that dCtBP is also involved in this process, as does molecular evidence that the P-DLS-K motif is essential for repression by Knirps.
No interaction between Groucho and dCtBP was detected in yeast two-hybrid assay [18] , but the two proteins might nevertheless work in conjunction to mediate Hairy function; alternatively, they might act independently as a result of their mutually exclusive binding to Hairy [18] . It is not known if either of the proteins associates with histone deacetylases and/or stimulates their activity. Although DNA binding by Hairy is methylation-independent (Drosophila DNA shows little or no methylation) and sequence-specific, it may repress transcription by a similar mechanism to MeCP2. As discussed earlier, MeCP2 recruits mSin3 and associated histone deacetylases to the promoter and represses gene expression; in a similar manner, on binding to DNA Hairy recruits Groucho, which then interacts with the silencing domain of histone H3 and promotes local chromatin compaction. One may also speculate that dCtBP, in conjunction with Groucho or other unidentified factors, might recruit a Sin3-histone deacetylase complex to repress transcription (Figure 1b ).
Although transcriptional repressors are able to recruit histone deacetylases to chromatin, the models illustrated in Figure 1 may be oversimplified. Recent results have shown that histone deacetylases associate in vivo with a large complex containing multiple proteins [21] . Interestingly, the associated proteins include Mi-2, a Snf2 superfamily member that may act as a nucleosome-stimulated ATPase. It is possible that the associated ATPase activity facilitates histone deacetylation by disrupting the chromatin. These results suggest that, in addition to histone deacetylases, repression complexes contain Snf family chromatin-remodeling proteins.
A role for CtBP in cell-cycle regulation?
As mentioned above, mammalian CtBP interacts with the transforming adenoviral protein E1A. Binding of CtBP to the carboxyl terminus of E1A inhibits its oncogenic activity [19] . E1A is known to bind to the retinoblastoma (Rb) protein, displacing the transcription factor E2F which then stimulates expression of S-phase-specific genes. CtBP might prevent this action of E1A, thereby blocking the cell-cycle progression that E1A would otherwise stimulate. CtBP might also act to block the G1-S transition, independently of E1A, by interacting with other proteins, such as the Drosophila protein known as Escargot.
Escargot is a relative of Snail; both belong to the same family of DNA-binding zinc-finger proteins. Escargot and Snail have redundant functions in Drosophila, at least during the development of the wing imaginal discs [22] . Interestingly, Escargot and Snail both have dCtBPbinding sequences (P-DLS-K) amino-terminal to their zinc-finger domains. It has not yet been experimentally demonstrated that Escargot and dCtBP interact, either physically or functionally, but that the two proteins do interact seems likely, given the close similarity in sequence between Escargot and Snail.
One demonstrated role of Escargot is to inhibit entry into endoreduplication -the repeated DNA replicative cycles that proceed without mitosis and lead to polytene chromosome formation -in imaginal disc cells, and hence preserve their proper diploid state [22] . This is achieved by maintaining the activity of mitotic kinase Cdc2, which acts in G2 phase to inhibit the reentry into S phase [22] . In escargot mutant flies, diploid imaginal cells exit G2 and reenter S phase without passing through mitosis, thus undergoing endoreduplication; imaginal cells of cdc2 mutants similarly undergo endoreduplication. A reduction of cdc2 dose enhances the escargot mutant phenotype.
A clue to how Escargot might work came from the observation that cyclin A, a regulatory subunit for the cyclindependent kinase required for progression through G2 phase and into mitosis, is lost in abdominal histoblasts of escargot mutants. This led to the suggestion that Escargot might act to maintain the level of Cdc2-cyclin A complex in G2 [23] , thereby inhibiting reentry into the S phase. It is possible that this action of Escargot is mediated by dCtBP, reminiscent of the way CtBP inhibits E1A and the G1-S transition in mammalian cells.
Conclusion
The model of transcriptional repression discussed here implies that there is a mechanistic link between transcriptional repression initiated by proteins that recognize methylated DNA, on the one hand, and by proteins that recognize specific sequences, on the other. It is possible that, in both cases, repression is achieved with the help of co-repressor complexes that either associate with, or somehow recruit, histone deacetylases and histone binding proteins to promote chromatin silencing.
